To evaluate the role of the sodium bicarbonate cotransporter (NBCe1) as a component of the corneal endothelial pump in the in vivo rabbit eye. METHODS. Lentiviruses with NBCe1 shRNA and GFP expression cassettes were injected intracamerally. Knockdown efficacy was determined 1 week to 4 weeks later by immunofluorescence, Western blot analysis, and PCR. Functional effects were monitored by corneal thickness (CT) and brinzolamide sensitivity. RESULTS. Within 24 hours there was a modest anterior chamber inflammation that resolved within 48 hours. At 4 ϫ 10 6 IFU, more than 95% of the corneal endothelial surface showed GFP fluorescence above background within 7 days. At 14 to 21 days, signs of anterior chamber inflammation reemerged, and endothelial cell GFP fluorescence disappeared within 40 days after injection. The second phase of inflammation could be avoided by using GFP-less viruses. There was no significant difference in CT between scrambled sequence and NBCe1 shRNA-injected eyes over 3 weeks. Two drops of 1% brinzolamide produced 7.85% Ϯ 3.3% corneal swelling within 5 hours of topical instillation. However, in corneas showing more than 25% NBCe1 knockdown (30 of 42 rabbits; 59% Ϯ 15% knockdown), corneal swelling was significantly higher (10.1% Ϯ 2.9%) relative to control eyes. CONCLUSIONS. FIV-based lentiviral vectors can transfect CE with shRNA in rabbits. The response to GFP is consistent, with previous studies showing the production of anti-GFP antibodies. Partial knockdown of NBCe1 did not affect baseline CT, which is consistent with the corneal endothelium having a substantial functional reserve. Provocative testing using, brinzolamide, however, revealed an underlying deficiency, confirming the importance of NBCe1 bicarbonate transport and demonstrating the concerted action between NBCe1 and carbonic anhydrases. (Invest Ophthalmol Vis Sci. 2010;51: 5190 -5197)
M aintenance of corneal hydration and transparency is dependent on the active ion transport properties of the corneal endothelium. Negatively charged stromal glycosaminoglycans provide passive swelling pressure that causes fluid imbibition (leak) into the stroma, which, when offset by the endothelial pump, produces steady state corneal hydration. This has been termed the pump-leak hypothesis. 1, 2 The details of the endothelial pump mechanism are incomplete, but numerous studies using ex vivo chamber-mounted rabbit corneas have shown that the endothelial pump is inhibited by the Na ϩ /K ϩ -ATPase inhibitor ouabain, [3] [4] [5] dependent on the presence of bicarbonate, 6 -8 and slowed by carbonic anhydrase inhibitors. 6 -10 This has led to the working hypothesis that the endothelial pump is an active transport-dependent bicarbonate secretory mechanism.
In vitro physiological studies have shown that the basolateral (stromal side) corneal endothelium has substantial Na ϩ -dependent and DIDS (4,4-diisothiocyanatostilbenedisulfonic acid)-sensitive bicarbonate permeability. 11, 12 This is attributed to an electrogenic 1 Na ϩ /2 HCO 3 Ϫ cotransporter that is responsible for NaHCO 3 Ϫ uptake. 13 This cotransporter has been identified as NBCe1, and siRNA knockdown in vitro has confirmed that it is responsible for bicarbonate entry into the endothelial cells from the basolateral side. 14 Bovine corneal endothelial cells cultured on permeable substrates can produce a small (0.09 U) transendothelial (apical side alkaline) pH gradient that is reduced by NBCe1-specific siRNA, 14 indicating that the basolateral loading of endothelial cells with bicarbonate by NBCe1 is required for apical efflux. Previous studies with ex vivo mounted-superfused rabbit corneas showed that the anion transport inhibitor DIDS slows the endothelial pump. 3, 15 DIDS inhibits NBCe1, but it is not specific and blocks other bicarbonate-dependent transporters and anion channels, including the Cl Ϫ /HCO 3 Ϫ exchanger AE2, which is expressed in corneal endothelium. 16 Taken together, the in vitro studies suggest that NBCe1 is an integral component of the corneal endothelial pump; however, direct specific demonstration of the role of NBCe1 in the endothelial pump in vivo is lacking.
Corneal endothelial cells express at least three carbonic anhydrases, cytosolic CA II, apical membrane CA IV, [17] [18] [19] [20] and basolateral CA X (Bonanno et al., unpublished data). When applied directly to the endothelial surface in ex vivo chambermounted rabbit corneas, carbonic anhydrase inhibitors cause corneal edema. 6 -10 In addition to slowing the endothelial pump, carbonic anhydrase inhibitors slow NBCe1-dependent intracellular pH recovery, reduce cell-buffering capacity, 11, 21 and reduce apical compartment alkalinization, 14 suggesting that carbonic anhydrases function in conjunction with bicarbonate transporters. Molecular and functional linkage between carbonic anhydrases and bicarbonate transporters, such as NBCe1, has been demonstrated for several bicarbonate transporters and carbonic anhydrases and has been termed a transport metabolon. 22 In the present study, we explored knocking down expression of NBCe1 using an RNAi approach delivered by lentiviral vectors in the New Zealand White rabbit in vivo. The rabbit was chosen because it is the standard for corneal physiology studies, and measurements of corneal thickness and IOP are amenable using standard instrumentation. Lentiviral vectors containing GFP expression cassettes have been shown to transfect corneal endothelium in vivo [23] [24] [25] [26] and to provide long-term transduction; however, shRNA-mediated knockdown in vivo has not been reported. We found that shRNA-mediated NBCe1 knockdown in vivo was effective, and, in conjunction with inhibiting carbonic anhydrase activity, physiological effects could be elicited.
METHODS

Pseudolentivirus Production
Feline immunodeficiency virus (FIV)-based pseudolentivirus construction reagents were obtained from System Biosciences (SBI; Mountain View, CA). Five different lentiviruses were used. The first was Lenti-GFP, which expresses copepod GFP driven by the human cytomegalovirus (CMV) promoter, obtained directly from SBI. Copepod GFP is similar to regular EGFP but has a brighter color. The second was Lenti-GFP-NBCe1-shRNA, which expresses H1 promoter-driven NBCe1-shRNA with CMV promoter-driven GFP as a reporter gene. The third was Lenti-NBCe1-shRNA, which expresses only H1 promoter-driven NBCe1-shRNA. The fourth was Lenti-GFP-scrambled-shRNA, which expresses H1 promoter-driven scrambled shRNA with CMV-driven GFP as a reporter gene. The fifth was Lenti-scrambled-shRNA, which expresses only H1 promoter-driven scrambled shRNA. A previous study 14 evaluated several siRNAs and found that the siRNA against the target 5Ј-AAAAAGAAGGAGGATGAGAAG-3Ј (GenBank accession no. AF119816, 2902-2922) was the most efficient for knockdown of NBCe1 expression. Based on this siRNA sequence, an shRNA against NBCe1 was designed in accordance with the manufacturer's instructions (5Ј-GATTCAAAAAGAAGGAGGATGAGAA-GCTTCCTGTCAGACTTCTCATCCTCCTTCTTTTTTTTTTG-3Ј and 5Ј-AATT-CAAAAAAAAAAGAAGGAGGATGAGAAGTCTGACAGGAAGCTTCTCA-TCCTCCTTCTTTTTG-3Ј). An shRNA targeting the wild-type firefly Luciferase gene was used as a scrambled control (5Ј-GATCCGTGC-GTTGTTAGTACTAATCCTATTTGTGAAGCAGATGAAATAGGGT-TGGTACTAGCAACGCACTTTTTG-3Ј and 5ЈAATTCAAAAAGTGCG-TTGCTAGTACCAACCCTATTTCATCTGCTTCACAAATAGGATTA-GTACTAACAACGCACG-3Ј). ShNBCe1 and shLuciferase template oligonucleotides were synthesized (Integrated DNA Technologies, Coralville, IA) and cloned into FIV-based pSIF-H1-CopGFP and pSIF-H1-Puro shRNA vectors (SBI), respectively. Lentiviral constructs pSIF-H1-CopGFP-shNBCe1, pSIF-H1-Puro-shNBCe1, pSIF-H1-CopGFPshLuciferase, and pSIF-H1-Puro-shLuciferase were individually packaged into lentiviral-transducing particles, which were pseudotyped with vesicular stomatitis virus G (VSV-G) protein (pPACK lentivector packaging kit; SBI). Briefly, lentivirus vector was combined with the mixture of pFIV-34N and pVSV-G plasmids and then was transfected into 293TN HEK cells by using liposome reagent (Invitrogen, Carlsbad, CA). Pseudovirus-containing medium was collected 48 and 72 hours after transfection. Pseudolentiviral particles were purified with PEG-it virus precipitation solution (SBI) overnight at 4°C and then centrifuged at 1500g for 30 minutes at 4°C. Residual PEG-it solution was removed by another centrifugation at 1500g for 5 minutes. Viral particles were washed and resuspended in cold, sterile PBS. Virus stocks were divided into aliquots and stored at Ϫ80°C. Virus titer was determined by flow cytometry or PCR. Serial dilutions of virus stocks were inoculated to 293TN HEK cells. Seventy-two hours after viral transduction, cells were collected for flow cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, NJ) or a real-time PCR-based titration (UltraRapid Lentiviral Titer Kit; SBI). Using the FACS method, the relative titer was measured based on the fraction of fluorescent cells. Using real-time PCR-based titration, virus titer was measured based on the amplification of a small fragment from the lentivector-specific WPRE (Woodchuck hepatitis virus Post transcriptional Regulation Element) that is integrated into the genome of transduced cells.
Experimental Animals
Young New Zealand White rabbits (age range, 8 -10 weeks; weight range, 1.8 -2.2 kg) were used as the animal model. All animal procedures were performed in accordance with the Declaration of Helsinki, the Indiana University Animal Care and Use Committee, and the ARVO Statement for the Use Animals in Ophthalmic and Vision Research. For anterior chamber injections, slit lamp biomicroscopy, and confocal scanning laser ophthalmoscopy, rabbits were sedated with ketamine HCl (30 mg/kg) and xylazine HCl (5 mg/kg, intramuscularly). Topical anesthesia (0.5% proparacaine HCl, 2 drops; Akorn, Lake Forest, IL) was used for anterior chamber injections, central corneal thickness (CT), and intraocular pressure (IOP) measurements by ultrasound pachymetry (DGH Technology, Exton, PA) and tonometry (Tono-PEN XL; Reichert, Depew, NY), respectively. Rabbits were sedated and then euthanatized by injection of 2.5 mL sodium pentobarbital euthanatization solution (Sleepaway; Fort Dodge Animal Health, Fort Dodge, IA) intracardially.
Viral Injection
After the rabbit was sedated, one drop of 1% cyclopentolate HCl (Ocusoft, Rosenberg, TX) and two drops of 0.5% Proparacaine HCl were topically applied to the eye. With the aid of an ophthalmic surgical microscope, 30 to 110 L, depending on the virus titer and dose, of the viral suspension mixed with 5 g hexadimethrine bromide (Polybrene; Sigma, St. Louis, MO) was injected into the anterior chamber using a 30-gauge needle on a Hamilton glass syringe. The needle was inserted perpendicularly to the corneal surface 1 to 2 mm from the limbus and then, while the tip was still in the stroma, was turned and pointed toward the anterior-center of the anterior chamber. With the needle bevel facing the endothelium, the viral suspension was slowly injected over 30 seconds. To minimize leaking, the needle was left in place for 1 minute and was removed gradually. The eyes were treated prophylactically with antibiotic ointment (AK-Poly-Bac; Akorn Pharmaceutical) immediately after injection.
Corneal Thickness, IOP, and Brinzolamide Provocative Test
Baseline corneal thickness (ultrasound pachymetry) and IOP (TonoPen; Reichert) were measured in that order the day before eye injection and then approximately weekly thereafter. These measurements were performed at approximately 10 AM. Two days before eye injection and then approximately weekly thereafter, a brinzolamide provocative test was performed. CT was measured in each eye and then two drops of 1% brinzolamide (Azopt; Alcon, Fort Worth, TX), a carbonic anhydrase inhibitor, was applied topically. CT was then measured at 1, 3, 5, and 7 hours after brinzolamide application to obtain the peak level of corneal swelling.
NBCe1 Western Blot Analysis
Eyeballs were enucleated after the rabbits were euthanatized. Corneas were dissected, and endothelium/Descemet's membrane was immediately peeled from the cornea using jeweler's forceps, placed into sterile PBS, and dissolved in 2% SDS sample buffer that contained 1% protease inhibitors (Sigma). The preparations were briefly sonicated (Sonifier 250; Branson, Danbury, CT) on ice and centrifuged at 10,000g for 5 minutes. An aliquot of the supernatant was taken for protein concentration measurement using the BCA protein assay (Bio-Rad, Hercules, CA). Samples (5 or 10 g, not heated) were separated on SDS-PAGE and electroblotted to polyvinylidene difluoride (PVDF) membranes (Bio-Rad). Based on the prestained protein markers (Precision Plus protein standards; Bio-Rad), blots were horizontally cut into two parts just above the 50-kDa prestained marker. The upper part, with protein sizes greater than 50 kDa, was probed with NBCe1 polyclonal antibodies (mixture of AB-3212, 1:1000 and AB3204, 1:10,000; Chemicon, Temecula, CA). The lower part was probed with ␤-actin monoclonal antibody (Sigma) with a dilution of 1:10,000. Enhanced chemiluminescence (Thermo Scientific, Pittsburgh, PA) was used for detection. Films were scanned to produce digital images that were then subjected to densitometry analysis (UN-SCAN-IT gel 6.1). NBCe1 protein levels in test samples were normalized to ␤-actin.
NBCe1 protein expression in the experimental eye was calculated relative to that in the control eye.
Immunofluorescence
Dissected corneas were washed with PBS and immediately fixed with PLP fixation buffer (2% paraformaldehyde, 75 mM lysine, 10 mM sodium periodate, 45 mM sodium phosphate [pH 7.4 ]) for 10 minutes. Corneas were rinsed with PBS, and endothelium/Descemet's strips were peeled off using jeweler's forceps and flattened onto microscope slides (Superfrost; Fisher Scientific). Strips were fixed again at room temperature for 20 minutes and washed with PBS. Slides were then kept for 5 minutes in PBS containing 1% SDS to unmask epitopes and were washed three times in PBS. Cells were blocked for 1 hour in PBS containing 0.2% bovine serum albumin (BSA), 5% goat serum, 0.01% saponin, and 50 mM NH 4 Cl. Rabbit polyclonal NBC-1 antibody diluted 1:100 in PBS/goat serum (1:1) was added to cells and incubated for 1 hour at room temperature. Slides were washed three times for 15 minutes in PBS containing 0.01% saponin. Then secondary antibody conjugated to Oregon Green (Molecular Probes) (1:1000) was applied for 1 hour at room temperature. Slides were washed, counterstained with DAPI, and mounted with anti-fade medium (Prolong; Molecular Probes) according to the manufacturer's instructions. Fluorescence was observed with an epifluorescence microscope (E600; Nikon, Tokyo, Japan) equipped with a cooled charge-coupled device camera (Princeton Instruments, Princeton, NY).
RNA Extraction and Real-Time PCR
Total RNA was extracted from dissected corneal endothelium (RNeasy Micro Kit; Qiagen, Valencia, CA). Total RNA (50 or 100 ng) was used for cDNA synthesis in a total volume of 20.5 L with reverse transcriptase according to the manufacturer's instructions (QuantiMir TR Kit; SBI). Real-time PCR was used to quantify mRNA levels of NBCe1 (primer pair, 5Ј-CTATCCCTGCTCTGCTGGTC-3Ј and 5Ј-AGCTGTCG-ATGTGAGCAATG-3Ј). GAPDH (primer pairs, 5ЈCTGGTCACCAGG-GCTGCTTT-3Ј and 5Ј-CACCAGCATCACCCCACTTG-3Ј) was quantified as an internal control. The expected NBCe1 and GAPDH products were 226 bp and 209 bp, respectively. Real-time PCR was performed using master mix (Brilliant II SYBR Green QPCR; Stratagene, La Jolla, CA) in a thermal cycling instrument (Stratagene Mx3005P) with the following cycle conditions: 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles of 95°C for 30 seconds, 54°C for 1 minute, and 72°C for 30 seconds. For each rabbit, NBCe1 mRNA levels in test samples were expressed as fold changes relative to GAPDH (i.e., normalized to GAPDH using the formula 2 Ϫ(Ct NBCe1 Ϫ Ct GAPDH) , where Ct is the threshold cycle number for amplicon detection by real-time PCR. NBCe1 mRNA expression level in the experimental eye was expressed as a percentage of that in the paired control eye.
Percentage Area of Corneal Endothelium Transfected
GFP fluorescence was imaged in vivo using a scanning confocal microscope (HRA2; Heidelberg Engineering,Vista, CA). Images were analyzed using bioanalytical software (Metamorph; Universal Imaging, West Chester, PA). A 9-mm central diameter circle was used to determine pixel intensity (0 -255) in control (PBS injected) and experimental eyes. Background fluorescence intensity distributions in control eyes were used to set the fluorescence threshold, which we chose to be 99% of the pixel fluorescence distribution. This value was typically between 15 and 20. In the paired experimental eye, any pixel with fluorescence intensity above the threshold value was counted as GFP positive. From this analysis, the percentage of the experimental corneal area above threshold and the average fluorescence intensity of this area were determined.
Statistical Analysis
Paired t-tests (OS-OD) with Bonferroni's correction for multiple comparisons were used to test statistical significance at P Ͻ 0.05.
RESULTS
Figures 1A-D show that the FIV-based lentiviral GFP vector could efficiently transfect corneal endothelial cells in the rabbit in vivo. There was an initial anterior chamber inflammation within 24 hours of injection that self-resolved within 48 hours. Fluorescence appeared at around 5 days and was typically maximal by 14 days. Slit-lamp images (Fig. 1C) indicated that fluorescence was limited to the endothelium in the cornea. Similarly, Figure 1D shows that direct GFP fluorescence could be seen in Descemet's/endothelial peelings at 3 weeks after injection. As expected, all anterior chamber structures were transfected, including the iris (Fig. 1E ) and the trabeculum (not shown). Figure 1F shows that GFP transgene expression in the endothelium was dose dependent, with maximal expression apparent between 12 and 14 days. Figure 1G summarizes these data showing that 4 ϫ 10 6 IFU of Lenti-GFP, which represents a multiplicity of infection (MOI) of approximately 10, was sufficient to transfect more than 95% of the corneal endothelial surface, as measured by GFP fluorescence. Figure 2 shows that between 14 and 21 days after injection, endothelial GFP fluorescence began to shrink circumferentially. This was concomitant with a moderate anterior chamber uveitis, with inflammatory cells apparent on the endothelial surface (keratic precipitates) in a circumlinear fashion (see Fig.  2 ). Coincident with the inflammation there was some corneal edema that could be eliminated with topical prednisolone. The GFP fluorescence progressively shrank and fell below threshold detection between 28 and 40 days after injection. This was concomitant with self-resolution of the anterior uveitis. Viral transfection with Lenti-GFP-NBCe1-shRNA produced a similar transient GFP expression.
Without knowing whether the GFP rejection phenomenon would adversely affect shRNA expression, we also constructed a GFP-less NBCe1 shRNA lentivirus. Although we could not gauge the approximate transfection level in vivo by viewing fluorescence, we found that these viruses did not produce a secondary inflammation. Eighteen eyes were injected with Lenti-NBCe1-shRNA virus, and 24 eyes were injected with the Lenti-GFP-NBCe1-shRNA virus (total, 42 eyes). In both cases, the right eye was injected with a control virus (Lenti-Scrambled-shRNA or Lenti-GFP-Scrambled-shRNA), and the left eye was injected with the NBCe1-specific shRNA virus. Figure 3A shows NBCe1 immunofluorescence of endothelial peelings from a control and an experimental eye (both injected with GFP-less transgenes) at 4 weeks after injection. The control peeling shows the characteristic basolateral staining for NBCe1, 13, 27 whereas there is significant loss of staining in the NBCe1 shRNA-transfected cells. Additional evidence of effective knockdown is indicated in Figure 3B , which shows significantly reduced NBCe1 transcript levels, as measured by realtime PCR, in eight pairs of eyes at 2 to 3 weeks after injection. At the protein level, Figure 3C shows selected Western blot analysis at 2 (GFP ϩ ) and 4 (GFP Ϫ ) weeks after injection, suggesting significant knockdown of NBCe1 is possible with either GFP or GFP-less expressing viral transgenes. Summary data (Fig. 3D ) from all 42 rabbits injected with NBCe1 shRNA indicate that Lenti-GFP-NBCe1-shRNA was at least as effective as Lenti-NBCe1-shRNA. Of the Lenti-GFP-NBCe1-shRNAinjected eyes, 12 were analyzed at 14 days after injection (NBCe1 knockdown, 52% Ϯ 36%), and 12 were analyzed after GFP fluorescence was not detectable (Ͼ28 days) (NBCe1 knockdown, 56% Ϯ 27%), indicating that loss of GFP fluorescence or elimination of GFP expression did not adversely affect shRNA knockdown.
In some experiments, we found that there was little or no knockdown of NBCe1. Using a success criterion of 25% or greater knockdown of NBCe1, 71% of the experiments were successful (30 of 42 eye injections). Figure 3E shows that the average knockdown of this subgroup was 63% Ϯ 18% and that this was sustained over several weeks. The longest postinjection knockdown analysis was performed in two rabbits at 10 weeks (52% and 56% NBCe1 knockdown).
Corneal endothelial function was gauged as change in baseline corneal thickness or differential brinzolamide-induced corneal swelling relative to the paired control Lenti-scrambledshRNA injected eye. Functional data were not collected during any periods of anterior chamber inflammation (e.g., in GFPexpressing eyes approximately14 -30 days after injection). Figure 4A shows absolute corneal thickness in control and experimental eyes over time for all rabbits, suggesting a small difference between control eyes (OD) and NBCe1-shRNA injected eyes (OS). There was also a small increase in corneal thickness in both eyes over 4 weeks, which reflected normal growth effects in these young animals. 28 Using only those rabbits in which the experimental eye showed Ն25% knockdown, analysis of pairwise differences (OS-OD) in corneal thickness (Fig. 4B) showed a small increase in corneal thickness in the experimental eye compared with control, but these differences were not statistically significant. Figure 4B also shows that even when we considered a subgroup that showed more than 50% knockdown (n ϭ 20), no significant differences in baseline corneal thickness were found.
Corneal thickness can be secondarily affected by IOP. Increased IOP will reduce stromal imbibition pressure and thereby reduce corneal thickness. 1, 29 However, IOP must increase by at least 6 mm Hg to produce a 10-m (3.5%) change in rabbit corneal thickness. Figure 4C shows that at 7 days there was a small, but significant (P Ͻ 0.05), increase in IOP in both control (ϩ1.9 mm Hg) and experimental (ϩ1.5 mm Hg) eyes compared with before injection. However, at later time points, there were no significant differences from preinjection values, and there were no significant differences between control and experimental eyes at any time point, indicating that IOP is not a secondary factor influencing analysis of differences in corneal thickness in these experiments.
Because bicarbonate transporters work in conjunction with carbonic anhydrase activity, we examined the possibility that the sum of NBCe1 knockdown together with carbonic anhydrase inhibition could elicit a functional effect. Although the use of topical carbonic anhydrase inhibitors does not affect corneal thickness in the normal human cornea, 30 -32 Figure 5A shows that two drops of 1% brinzolamide in the New Zealand 34) and quantitative PCR (n ϭ 8) data from all rabbits analyzed (n ϭ 42) and subdivided into those coexpressing GFP (n ϭ 24) and without GFP (n ϭ 18). (E) Rabbits that had Ͼ25% knockdown of NBCe1 (n ϭ 30) and subdivided at 2 weeks (n ϭ 19) and 4 weeks (n ϭ 11) after injection. White rabbit produced 7.85% Ϯ 3.3% corneal swelling between 3 and 5 hours. In addition, brinzolamide-induced swelling in the NBCe1-shRNA injected eyes (Ͼ25% knockdown) increased to 10.1% Ϯ 2.9%. Figure 5B shows that analysis of pairwise differences (OS-OD) in corneal swelling is highly significant (P Ͻ 0.005). Moreover, pairwise differences in brinzolamide-induced swelling of the 11 rabbits with less than 25% knockdown of NBCe1 were not significant (differences of 0.5% Ϯ 3.4% swelling at 2 weeks and 0.1% Ϯ 1.3% swelling at 3 weeks).
DISCUSSION
Previous studies have shown that the corneal endothelium can be transfected after anterior chamber injection of various viral vectors and can produce GFP expression in vivo. [23] [24] [25] [26] Several studies have demonstrated effective protein knockdown in the eye using viral vectors expressing shRNA or ribozymes, but only in the retina. [33] [34] [35] [36] [37] [38] This is the first report of shRNA-mediated in vivo knockdown in the corneal endothelium and anterior chamber.
Lentiviral vectors were chosen because of their long-term expression and low immunogenicity. We found that NBCe1 knockdown was sustained at least 10 weeks after injection, and other studies have shown that significantly longer transgene expression can be expected. 23, 25, 26 Initial experiments used GFP expression to determine appropriate viral dosage. This indicated that 4 ϫ 10 6 IFU was sufficient to transfect the corneal endothelial surface. However, we found that transfection efficiency, as judged by GFP fluorescence (Fig. 1) or by NBCe1 knockdown (Fig. 4) , was highly variable. In pilot experiments, higher doses of GFP-less virus were tried, but knockdown was not noticeably better and inflammatory responses were more prominent. The transfection variability was probably caused by the relatively large volume of the anterior chamber, where the target cells represent less than half the surface area of this space. The dose used represents an MOI of approximately 10. However, because of the geometry of the anterior chamber and the presence of aqueous flow, the effective MOI must be considerably lower, yet the data (Ͼ95% area above fluorescence threshold) suggest that the effective MOI is at least Ն1. In contrast to the transfection of retinal structures after subretinal injection or transfection of the trabecular meshwork, by which most of the intracamerally injected virus will come in contact with that target, corneal endothelial transfection is bound to be more variable. Corneal endothelial transfection in vivo could possibly be enhanced and transfection of other structures could be reduced by using virus-linked magnetic nanoparticles or other forms of tropism.
Anterior chamber inflammatory responses were present in almost all eyes in the first 48 hours after virus injection. These responses were relatively mild and resolved spontaneously. However, as mentioned, the injection of high doses (Ͼ10 7 IFU) led to larger and longer lasting initial inflammation. More interesting was the observation of a second bout of anterior uveitis in GFP-expressing eyes that coincided with a visible gradual loss of GFP fluorescence (Fig. 2) . Previous studies that report anterior chamber GFP expression in rats, mice, or monkeys 25, 26, 35, 38, 39 did not report this phenomenon. However, a recent report found inflammation and anti-GFP antibodies in one monkey 70 days after GFP transfection. 40 On the other hand, GFP expression in the Dutch Belted Rabbit retina consistently demonstrated inflammation and loss of GFP 41 and the generation of anti-GFP antibodies. 42 The loss of GFP expression in the rabbit could be inhibited by using a 30-day immunosuppression regimen. 42 Therefore, we can conclude that this secondary inflammation and loss of GFP in our experiments is a species-specific immune response.
During the GFP-dependent inflammation, we noted a moderate anterior chamber response and the formation of keratic precipitates. As expected, corneal thickness increased during the inflammation but was not severe, as evidenced by our ability to obtain clear endothelial images. Furthermore, the increased corneal thickness could be eliminated with topical steroid treatment. Nevertheless, functional evaluation of the endothelium would have been complicated during inflammation-induced edema and, hence, was not performed in knockdown experiments during this period. To avoid this inflammation, we used the Lenti-NBCe1-shRNA virus. Our data show that either GFP or GFP-less NBCe1-shRNA constructs efficiently reduced NBCe1 expression. Moreover, shRNA knockdown of NBCe1 after the inflammation resolved and GFP disappeared was similar to that before the secondary inflammation or to that in GFP-less transfected cells, suggesting that the immune response resulted in very specific silencing of the GFP transgene. This is consistent with reports that showed that inflammation secondary to lentiviral transfection was specific to the transgene product and not to lentiviral epitopes. 43, 44 In conclusion, the use of GFP expression is convenient for estimating transfection in the rabbit corneal endothelium; however, it produces a 12-to 20-day period of inflammation during which fluorescence disappears. This had no effect on shRNA expres- sion, which may be consistent with CMV promoter-specific silencing. 43 Previously, we had tested several siRNA sequences for knockdown of NBCe1 expression in cultured corneal endothelial cells.
14 Knockdown in vitro was 80% to 90%, which is considerably greater than what we achieved in vivo using the same RNAi sequence that gave the best knockdown in vitro. Functional consequences of NBCe1 knockdown in vitro were reduced basolateral bicarbonate permeability, reduced basolateral bicarbonate flux, and reduced apical compartment alkalinization. 14 Given the dependence of the endothelial pump on bicarbonate and the sensitivity to the anion transport inhibitor DIDS, our expectation was that NBCe1 knockdown would slow the pump and result in an increase in corneal thickness. Knockdown was complete at 2 weeks. Data at 7, 14, and Ն21 days suggest that there was a small increase in baseline thickness in the experimental eyes, but this was not statistically significant. Using only those eyes with greater than 50% knockdown also failed to show significant differences in baseline thickness. This suggests that partial reduction (ϳ65% knockdown) of NBCe1 expression by itself is insufficient to affect endothelial function. Upregulation of other transport mechanisms that could potentially substitute for NBCe1 activity (e.g., Na ϩ /H ϩ exchange) in response to reduced NBCe1 expression are possible, but one would expect a period of increased corneal thickness followed by a return to baseline if this were the case. Another approach is to knock out NBCe1 expression. 45 However, NBCe1 knockouts have significant developmental and systemic abnormalities and die shortly after birth, limiting their usefulness in analyzing the role of NBCe1 in the cornea.
Taking into consideration that NBCe1 expression is partially reduced and that bicarbonate transport is facilitated by carbonic anhydrase activity, we tested whether the carbonic anhydrase inhibitor brinzolamide could uncover a functional difference. We found that brinzolamide-induced corneal swelling was significantly greater in the cornea with reduced NBCe1 expression relative to the control. Use of topical carbonic anhydrase inhibitors in humans generally does not affect corneal thickness. 30 -32 Therefore, we were surprised that brinzolamide caused an increase in corneal thickness in the normal rabbit cornea. We also confirmed that the preservative (0.01% benzylalkonium chloride) in brinzolamide did not affect rabbit corneal thickness. Presumably, this brinzolamide sensitivity in the rabbit may be attributed to a species difference in total carbonic anhydrase activity. There are several clinical reports of significant corneal edema in humans using carbonic anhydrase inhibitors in which it was found that corneal endothelial function was marginal. 46 -50 Our results are analogous to this clinical scenario, i.e., NBCe1 knock down creates a marginally functional corneal endothelium that, with the inhibition of carbonic anhydrases, pushes functional activity below a tipping point that yields increased corneal edema. To produce a definitive effect on baseline corneal thickness, it is likely that NBCe1 knockdown must be greater than 80% to 90%.
In summary, we describe a new approach to studying the mechanisms of the corneal endothelial pump in vivo using RNAi. This approach can potentially be used singly or in combination to test various components of the pump. Our data are consistent with the sodium bicarbonate cotransporter, NBCe1, working synergistically with carbonic anhydrases as an integral component of the pump. Moreover, we illustrate the use of carbonic anhydrase inhibitors for uncovering endothelial dysfunction, which could potentially be developed as a clinical provocative test.
